Please cite this article as: Marti, A., Cardone, G., Pagani, M.A., Casiraghi, M.C., Flour from sprouted wheat as a new ingredient in bread-making, LWT -Food Science and Technology (2017), doi: 10.1016/ j.lwt.2017 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Despite the nutritional and sensory improvements associated with sprouted grains, 2 their use in baking has been limited until recently. Indeed, severe and uncontrolled 3 grain sprouting induces high accumulations of enzymatic activities that negatively 4 affect dough rheology and baking performance. In this study, wheat was sprouted 5 under controlled conditions and the effects of enrichment (i.e. 15%, 25%, 33%, 50%, 6 75% and 100%) of the related refined flour (SWF) on dough rheological properties, 7 baking performances and starch digestibility were assessed. Adding SWF to flour 8 significantly decreased dough water absorption, development time, and stability 9 during mixing, which suggests a weakening of the gluten network. However, no 10 significant changes in mixing properties and gluten aggregation kinetics were 11 measured from 25 to 75% SWF. Regardless of the amount added, SWF improved 12 dough development and gas production during leavening. Decreases in gas retention 13 did not compromise bread-making performances. The best result -in terms of bread 14 volume and crumb porosity -was obtained with 50% SWF instead of using SWF 15 alone. Interestingly, in 100 % SWF bread the slowly digestible starch fraction 16 significantly increased. 17 Keywords: sprouting; dough rheology; bread-making; starch digestibility 18 19 M A N U S C R I P T
Introduction 20
Sprouts from cereals and pulses have been used as food sources for centuries, 21 especially in Africa and Asia, where sprouting (or germination) is mainly carried out 22 in households to improve the sensory quality (Bellaio, -4 J; P/L (tenacity:extensibility 76 ratio) =1. 16 . In details, 15 g, 25 g, 33 g, 50 g, and 75 g of SWF were added to 85 g, 77 75 g, 67 g, 50 g, and 25 g of CTRL, respectively. 78
Gluten aggregation properties 79
Gluten aggregation properties were measured at least in triplicate with the GlutoPeak 80 
Colour and specific volume 120
Colour determination was carried out using a reflectance color meter (CR 210, 121
Minolta Co., Osaka, Japan) to measure the lightness and saturation of the color 122 intensity of bread crumb and crust. Results were expressed in the CIE L* a* b* colour 123 space. Measurements of bread crust were performed in triplicate on three loaves for 124 each bread-making process (n=18). Measurements of bread crumbs were performed 125 on three bread slices of one loaf from each bread-making test (n=6). 126
The volume of three loaves from two independent baking tests (n=6) was evaluated 127 by using the sesame displacement method after mechanically compacting the bread to 128 exclude all empty spaces. Weight was assessed using a technical scale (Europe 1700, 129
Gibertini, Novate, Italy). The specific volume (n=6) was determined by the 130 volume/mass ratio and expressed in mL/g. 131 M A N U S C R I P T
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Crumb porosity was evaluated as described in Marti et al. (2017a the total pore-area) were also calculated. 153
Texture 154
Crumb texture characteristics were analyzed by using a texture analyzer (Z005, Zwick 155
Roell, Ulm, Germany), equipped with a 100 N load cell as described by Marti et al. 156 (2017a) . To evaluate crumb hardness, three central slices (15 mm thick) of one loaf 157 from each bread-making trial were compressed (speed: 2 mm/s) to 30% of their height 158 by using a 30 mm diameter cylindrical aluminum probe. Crumb hardness (n=6) was 159 measured after 0 (two hours after baking), 1, 3 and 6 storage days and expressed as 160 
Statistics 176
The data was subjected to analysis of variance (ANOVA) to determine significant 177 (p≤0.05) differences among the samples. ANOVA analysis was performed by 178 utilizing Statgraphics XV version 15.1.02 (StatPoint Inc., Warrenton, VA, USA). 179 Different dough, bread, or cells were considered as factors. When a factor effect was 180 found to be significant (p≤0.05), significant differences among the respective 181 averages were determined using Fisher's Least Significant Difference (LSD) test. 182
Results and discussion 183

Gluten aggregation properties 184
The GlutoPeak device has been proposed as a rapid and reliable method for 
Morris, & Marti, 2016). 196
Results suggest a weakening of the gluten network (Table 1) 
Mixing properties 226
The effects of incorporation of germinated wheat flour on dough mixing 227 characteristics are shown in Table 1 . Dough from CTRL was characterized by high 228 water absorption (57.8%) and very high stability (18.8 min) (Table 1) , which are 229 typical of strong wheat flour (Fig. S2) . 230
Replacing CTRL with SWF brought about a significant (p≤0.05) decrease in water 231 absorption (Table 1) with the exception of 25% SWF. The reduced development time and stability could 238 be due to the disruption of the gluten matrix by enzymes (i.e. proteases). 239
Leavening properties 240
Rheofermentometer analysis provides information on dough leavening performance 241 (i.e. dough height, CO 2 production and retention). Table 1 shows the data obtained 242 from this test carried out on the different mixtures. Adding SWF to wheat flour 243 increased both dough height (up to 75%) and leavening time ( Table 1) since no significant differences were observed from 15% to 75% SWF enrichment. 250
Despite the positive effect of germination on dough development, adding SWF to 251 common bread flour decreased height at the end of the leavening step, suggesting the 252 collapse of the dough structure when the leavening time lasts more than 2h. This is 253 due to the decrease in the ability of the gluten structure to withstand the physical 254 stresses as a result of proteolytic activity. 255
The indices obtained from the gas release curves are summarised in Table 1 . 256
These results indicated that doughs with increasing amount of SWF had a higher 257 volume of CO 2 release than CTRL. If gas is efficiently retained in the dough, an 258 optimal final bread volume can be expected (Huang, Kim, Li, & Rayas-Duarte, 2008). 259
The increasing availability of mono-and disaccharides as substrates promoted theM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 13 addition, in the presence of SWF from 33% to 100%, high amounts of retained and 262 lost carbon dioxide resulted (Table 1 ) and no linear response was found for these 263 parameters. The coefficient of retention -which is defined as the ratio expressed as 264 percentage between the volume retained in the dough and the total volume of gas 265 produced during the test -decreased from 94.6% (CTRL)
Bread properties 273
Based on the dough mixing and leavening properties (Table 1) , blends enriched with 274 SWF at 50% and 75% level did not show significant differences. Only their gluten 275 aggregation properties differed (i.e. PMT), suggesting peculiar protein interactions in 276 50% SWF. Thus, bread-making performance of 50% SWF was compared to that of 277 CTRL and 100% SWF. 278
As shown in Figure 1 , SWF did not lead to a worsening of bread-making 279 performance. Moreover, 50% SWF enriched-bread, produced greater volume and 280 more porosity than CTRL and 100% SWF samples (Table 2) . 281
Adding SWF to CTRL resulted in a darker (decrease in L*) and redder crust 282 (higher a*) ( Table 2) . Changes in crust might be associated with Maillard reactionsM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT peptides and amino acids (Goesaert et al., 2005). As regards crumbs, an important 287
difference in both redness and yellowness was observed when sprouted wheat flour 288 was added (Table 2) . These changes were also probably due to the increase in the 289
Maillard reaction. 290
Specific bread volume significantly differed for the three samples (Fig. 1, Table 2) , 291 with 50% SWF having the highest specific volume. The amount of α-amylase 292 developed during germination could have played a key role in increasing loaf volume. 293
At the same time, sprouting under controlled conditions limited the proteases activity 294 and its dramatic effects on the gluten network (Marti et al., 2017a) that are generally 295 observed in pre-harvest sprouted wheat grains. 296
Crumb porosity 297
Using SWF sample significantly increased the area of porosity from 45.82% (CTRL) 298 to 49.09% (50% SWF), which was similar to that of bread with 100% SWF (46.14%) 299 (Table 2 ). This result is obviously related to the increase in volume associated with 300 the addition of SWF and can be related to the amylase activity developed during 301 wheat germination, whose effect on crumb porosity has been observed elsewhere 302 (Goesaert, Slade, Levine, & Delcour, 2009). As for cells, although the number of each 303 class was very similar for all the samples (data not shown), differences in cell area 304 were observed (Fig. 2) . A significantly larger area of small pores (<5 mm 2 ) was 305 present in CTRL samples than in 50% and 100% samples. In fact, the small cell area 306 represented around 60% of the total pore area in CTRL bread and only about 40% for 307 50% and 100% SWF. An opposite trend was observed for pore area in the medium 308 dimensional class (5.00 -49.99 mm 2 ), as the area occupied by this class of pores was 309 higher in both SWF samples than CTRL samples. Moreover, larger pores (>50 mm 2 )
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were found only in bread with SWF, whose area accounted for the about 20% of the 311 total porosity. From these results, it can be deduced that enzymes produced by 312 germination, especially α-amylases, favor gas cell coalescence (Lagrain, Leman, 313
Goesaert, & Delcour, 2008). 314
Texture 315
SWF addition had also a positive effect on crumb firmness (Table 2) . 316
Decrease in firmness in the presence of SWF cannot be related to differences in 317 crumb moisture, since SWF-enriched bread showed low firmness and low crumb 318 moisture. Unlike the Scanlon & Zghal (2001) study, crumb firmness did not increase 319 with increasing density (Table 2) . 320
Indeed, even during storage, bread containing either 50% or 100% SWF 321 exhibited lower firmness than the control (Fig. 3) . As observed on fresh bread (t0, 2h 322 after baking), differences in firmness during storage were not related to either crumb 323 Planchot, Buleon, & Colonna, 1999). In addition, the firmness of 50% SWF bread 329 after three days of storage was similar to that shown by CTRL bread after just one day 330 of storage, whereas 100% SWF sample after six days exhibited firmness values 331 similar to those of CTRL bread after just one day of storage. A similar effect wasM A N U S C R I P T
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In vitro starch digestibility 335
The effects of refined flour from sprouted wheat on starch digestibility was 336 assessed by a well-established in vitro assay, which allows the determination of both 337 rapidly and slowly digestible starch fractions (RDS and SDS, respectively). By 338 measuring the susceptibility of starch to digestive enzymes, this assay is 339 internationally endorsed to estimate the potential glycaemic response of foods (EFSA, 340 2011). Significant differences in starch susceptibility to digestive enzymes were 341 observed in bread samples (Fig 4) . In particular, in 100% SWF bread the RDS and 342 SDS fractions were significantly (p≤0.05) lower and higher, respectively, than those 343 determined in CTRL and 50% SWF bread. These data partially agree with those 344 In contrast, the total number of free "glycemic" sugars significantly and non-362 linearly increased with SWF substitution (3.0% in CRTL vs 7.3% in 50% SWF vs 363 8.3% in 100% SWF), with maltose increase as the main determinant (Table 3) . This 364 trait, probably attributable to α-amylase developed during germination, could be of 365 interest from a sensory point of view (i.e. sweet flavour note) but may promote an 366 increased glycemic response. Further in vivo studies are needed to assess how the rate 367 of starch digestibility and the increase in free "glycemic" sugars in 100% SWF bread 368 impact on post-prandial glycemic response. 369
Conclusions 370
Flour from sprouted wheat has always been considered to be of poor baking quality. 371
Indeed, the relevant amylase and protease activities accumulated into the grain during 372 germination are responsible for intense hydrolytic phenomena at the expense of gluten 373 and starch, the holding-structure macromolecules in the dough. The hydrolysis of 374 these macromolecules is clearly highlighted by the rheological tests conventionally 375 used for predicting flour baking behavior. 376
Although we are aware that uncontrolled wheat sprouting, in the field during wheat 377 growing is a phenomenon associated with a sharp deterioration of dough consistency 378 and handling and bread characteristics, our results show that controlled (i.e. in an 379 industrial factory) sprouted wheat flour could be used as new ingredient in bread 380 making. Gluten proteins, though weakened by proteolytic activity, do not lose their 381 ability to aggregate and form a network suitable for leavening, as the GlutoPeak test Maximum height: maximum height of gaseous production; Porosity time: time when the porosity of the dough developed; Total CO 2 : total production of CO 2 ; CO 2 retained: amount of CO 2 retained in the dough during the test; CO 2 released: amount of CO 2 released during the test; CO 2 retention coefficient: ratio between CO 2 retained and total CO 2 .
BE: Brabender Equivalent; FU: Farinograph Units; GPE: GlutoPeak Equivalent • Sprouting was carried out in an industrial plant under controlled conditions
• High levels of wheat flour (SWF) enrichment affect dough rheology
• SWF improved the dough development and gas production during leavening
• The best bread performance was obtained with 50% SWF
• 100 % SWF increased the slowly digestible starch fraction
